Influenza viruses present a major public health problem.
Influenza A viruses cause a highly contagious respiratory disease in humans, and are responsible for periodic wide-spread epidemics, or pandemics, with high mortality rates (1) . The most devastating pandemic occurred in 1918, resulting in approximately 30 million deaths worldwide (2) . The avian H5N1 influenza A viruses, currently circulating in birds across Asia, Europe, and Africa, are candidates for causing the next pandemic if they acquire efficient human-tohuman transmission (3, 4) . Though less virulent, human influenza B viruses cause deaths and loss of productivity worldwide each year.
The influenza A virus non-structural protein 1 (NS1A 2 ) is a multi-functional dimeric protein that participates in both protein-RNA (5-10) and protein-protein interactions (11) (12) (13) (14) . NS1A plays a key role in countering host cell antiviral defenses (10, 13, 15, 16) and in viral virulence (3, 10, 12, 17) . The NS1 proteins from influenza A (NS1A, 237 residues) and influenza B (NS1B, 281 residues) viruses are homodimeric molecules (7, 9, 18, 19) . While NS1A and NS1B interact with different sets of host proteins (11, 12, 14, 15, 20, 21) , they both contain a homologous N-terminal RNA-binding domain that binds a wide range of dsRNA sequences with no known sequence specificity (5) (6) (7) (8) 22) .
Mutation of NS1A surface residue Arg-38 to Ala abrogates dsRNA binding in vitro (9) , and a -2-recombinant influenza A virus expressing the mutant [R38A]-NS1A protein is attenuated ~ 1000-fold in replication (10) . Analysis of this attenuated influenza A virus (R38A mutant) reveals that the primary role of dsRNA binding by NS1A is to shield the virus against the antiviral state induced by interferon (IFN), primarily by inhibiting activation of the 2'-5' oligo (A) synthetase / ribonuclease L pathway (10) . The dsRNA-binding activity of the influenza B virus NS1B protein also plays an important role during infection (23, 24) Previous biophysical and structural studies have provided some insights into the mechanism of dsRNA-binding by the NS1A protein. (8) . Mutations of surface-exposed basic residues of helices 2 / 2' also affect dsRNA-binding affinity (9, 14) . However, these data alone are not sufficient to provide a reliable mapping of the full set of residues that form the protein-dsRNA interface.
Specifically, while a hypothetical "working model" of the complex between dsRNA and NS1A (1-73) has been illustrated (8), it was not possible in the absence of NMR resonance assignments for the dsRNA-bound protein to define the relative orientation of dsRNA, or the extent of the dsRNA-binding site on the surface of NS1A.
In this study, we present sequence-specific backbone resonance assignments for dsRNAbound NS1A (1-73) in this 26.5 kDa complex. These data allow us to properly characterize, for the first time, the details of the dsRNA-binding surface of NS1A , and the complete set of residues involved in dsRNA binding. These NMR data also define the correct orientation of dsRNA in this complex.
In order to characterize the phylogenetic distribution of these surface features, we have also determined the 2.1 Å X-ray crystal structure of the corresponding dsRNA-binding domain, NS1B , from human influenza B virus.
Comparison of the structures of the conserved dsRNA-binding surfaces of NS1A(1-73) and NS1B reveal that the amino-acid residues that interact with dsRNA in both NS1A and NS1B form tracks of basic and hydrophilic functional groups.. These tracks are complementary to the polyphosphate backbone conformation of A-form dsRNA, and run at an ~ 45 o angle relative to the axes of helices 2 / 2'.
These structural studies identify and characterize surface features of the NS1 proteins of influenza A and B viruses which underly their critical dsRNA-binding functions. At the center of the common dsRNA-binding epitope of both NS1A and NS1B is a deep pocket that may be a suitable target site for drug discovery. The dsRNA binding surface on NS1A(1-73), determined here using resonance assignments for dsRNA-bound NS1A (1-73), results in very different protein-RNA interactions, and a different orientation of the bound dsRNA, than that illustrated in our earlier working model of the complex (8) . These functional surface features of NS1 are strongly conserved across A and B influenza virus strains.
EXPERIMENTAL PROCEDURES
Sample Preparation -The N-terminal structural domain corresponding to the first 73 amino acids of the NS1 protein from influenza A/Udorn/72 virus NS1A(1-73) was expressed with uniform 13 C, 15 N-enrichment and purified according to published procedures (7, 8) .
The N-terminal structural domain corresponding to the first 103 amino acids of the NS1 protein from influenza B/Lee/40 virus was expressed with a 10-residue N-terminal hexaHis tag (MGHHHHHHSH) and purified, as described elsewhere (25) . Singlestranded 16-nucleotide RNAs were chemically synthesized using standard phosphoramidite chemistry (Dharmacon Research Inc.), annealed, and purified using Superdex 75 gel filtration chromatography, as described (8) . NMR Sample Preparation -150 μl samples of 0.2 mM NS1A(1-73) in 50 mM ammonium acetate, pH 6.0 were slowly added to 150 μl 0.4 mM dsRNA solutions in the same buffer in 1:2 ratios. NS1A(1-73):dsRNA complex formation was confirmed both by NMR and by Superdex 75 gel filtration chromatography, as described (8) . The resulting samples of NS1A(1-73):dsRNA complex used for NMR studies were ~ 0.1 mM complex concentration, 50 mM ammonium acetate, pH 6.0. NMR Spectroscopy -NMR experiments were collected at 20 o C on a four-channel Varian INOVA 600 MHz spectrometer equipped with a 5 mm triple resonance gradient probe, and Bruker Avance 600 MHz spectrometer equipped with 5 mm triple resonance gradient cryoprobes. 1 H, 15 N, and 13 C resonance assignments for ds-RNA-bound NS1A (1-73) were determined using standard triple resonance NMR pulse sequences, as described elsewhere (26) Chemical shift perturbations were defined for each residue as the sum of differences in chemical shift (in Hz) between bound and free states for atoms 15 Structure Determination -X-ray diffraction data were collected on an ADSC CCD at the X4A beamline (Brookhaven National Laboratory). A single-wavelength anomalous diffraction (SAD) data set to 2.6 Å resolution was collected at the absorption peak of bromide. The crystals belong to the space group P6 4 22, with cell dimensions of a = b = 102.0 Å, c = 108.8 Å. Solve/Resolve (32) was used for locating 20 bromide sites and for phasing and automated model building. Manual model building was performed with the program O (33). Refmac (34) was used for structure refinement against a native data set to 2.1 Å resolution, also collected at the X4A beamline. Statistics on data processing and structure refinement are summarized in Table I 3 .
RESULTS In order to completely define the surface of NS1A involved in binding to dsRNA, we carried out detailed NMR chemical shift perturbation studies on 13 C, 15 N-enriched NS1A(1-73) in a 1 dimer : 1 duplex complex with an unlabeled 16-bp dsRNA duplex, consisting of annealed polynucleotides CCAUCCUCUAC-AGGCG and CGCCUGUAGAGGAUGG.
Triple-resonance NMR data (summarized in Supplementary Fig.  S1 ) provide essentially complete sequence-specific 13 C', 13 C , 13 In these spectra, several segments of amino acid residues in dsRNA-bound NS1A(1-73) exhibit two sets of NMR resonances, with equal intensity ratios (Supplementary Fig. S1c ). Chemical shift perturbations that split the degenerate resonances of the free NS1A (1-73) homodimer into two populations, one arising from each polypeptide chain, are anticipated at some sites in the RNA-bound complex, as the RNA duplex used here does not have internal two-fold symmetry. As both resonances arising from such asymmetry could be assigned, this information immediately identifies some of the residues in NS1A (1-73) that are located proximal to dsRNA in the complex.
The three helices identified in each chain of dsRNA-bound NS1A(1-73) (data summarized in Supplementary Figs. S1a-b (18, 19) , demonstrating that the three -helices of free NS1A(1-73) remain intact upon complex formation. Far ultraviolet CD studies of this same NS1A :dsRNA complex also demonstrate that the backbone structures of both the six-helical protein domain and the A-form dsRNA do not change significantly in the largely rigid docking process (8) .
With resonance assignments for both free (8) and dsRNA-bound NS1A (1-73) in hand, and knowing from CD studies that there are no significant changes in the overall backbone structure of NS1A (1-73) upon complex formation (8) , chemical shift differences between free and bound protein were used to identify the dsRNAbinding site on the surface of NS1A(1-73). These chemical shift differences due to complex formation are all localized on the same face of the NS1A (1-73) homodimer (Fig. 1, left panels) , in helices 1 / 1' and 2 / 2', and in residues that are nearby to helices 2 / 2' in the 3D structure. Atoms in residues on the opposite face of NS1A(1-73) (e.g. in helices 3 / 3') show negligible chemical shift perturbations (Fig. 1,  right panels) , demonstrating that the overall 3D fold and core packing of NS1A (1-73) are preserved in the complex. Symmetric atomic sites in the protein dimer that are split into two separate resonances (of equal intensity) are highlighted on the 3D structure of NS1A (1-73) in Fig. 1a , providing a partial mapping of the dsRNA-binding epitope. Fig. 1b highlights all residues exhibiting chemical shift perturbations (including residues with split resonances), providing an unambiguous and detailed mapping of the dsRNA-binding site on NS1A. Key residues within this binding site include T5, P31, D34, R35, R38, K41, G45, R46, and T49, which are strongly conserved in NS1A proteins of all influenza A viruses.
We next considered the degree to which the dsRNA-binding epitope characterized for NS1A (1-73) is conserved in the NS1B proteins of influenza B viruses. There is ~ 20% sequence identity between NS1 proteins from influenza strains A and B, and efforts to generate reliable models of the homologous NS1B RNA-binding domain from the 3D structures of NS1A (1-73) have been frustrated by alternative high-scoring sequence alignments, particularly for residues in helix 1 (9) . In order to accurately define equivalent residues in the RNA-binding domains of NS1A and NS1B, and to properly assess how well the dsRNA-binding epitope of NS1A is conserved across all influenza virus strains, we crystallized and solved the 3D structure of the corresponding domain construct, NS1B (1-103), from human influenza B/Lee/40 virus. The structure was refined using 2.1 Å resolution data, to a crystallographic R factor of 0.213 and R free of 0.256 (Table I ). The resulting 3D structure includes residues 15-103 for one polypeptide chain, and residues 9-93 for the other chain. Since we only observed electron density for residues 94-103 in one of the two polypeptide chains, in which it has an irregular structure with multiple crystal packing contacts, we cannot make any definitive statement about the native structure of this portion of NS1B at this point. Similarly, residues 1 -8 are not observed for either chain, and residues 9 -14 are observed for only one chain. Therefore, we restrict our discussions to the implications of the structure of NS1B positively-charged residues on helices 2 / 2' (Fig. 2a) . One significant difference between the structures is the length of the loop between helices 2 / 2' and 3 / 3', which is eight residues longer in NS1B than that in NS1A (Fig. 2b -c) . In addition, the two structures differ in the length of the apparently disordered N-terminal sequence preceding helix 1, which is 12 residues longer in NS1B. This experimental 3D structure of NS1B (15-93), together with the available NS1A (1-73) structures (18, 19) , provides a structure-based sequence alignment, shown in Fig. 2d , correctly defining equivalent residues in the two molecules. With this alignment, the backbone root mean square deviations (RMSD) between the crystal structures of NS1A (1-73) (18) and NS1B (15-93) is 0.53 Å for the monomer, and 1.08 Å for the overall dimer.
Using the correct sequence alignment across the influenza A and B families, based on the 3D structure alignment, surface features that are conserved across all influenza stains were characterized with the program CONSURF (35) . This analysis, plotted on the 3D structures of NS1A (1-73) and NS1B (15-93) in Fig. 3 , reveals that the majority of strongly conserved residues (20 out of 28 residues identical across all NS1A and NS1B sequences) are clustered in or near the dsRNA-binding epitope of NS1A (1-73). These highly-conserved residues include (NS1A/NS1B numbering): T5/T17, S8/T20, D29/D41, P31/P43, D34/D46, R35/R47, R38/R50, K41/R53, R46/R58, T49/T61. These residues form two conserved surface "tracks" on the dsRNA-binding surface (Fig. 3) . Among these 20 track residues, 14 are in helices 2/ 2', 4 in helices 1/ 1', and 2 are in the 1/ 2 loops. The track pattern on NS1B (15-93) is strikingly similar to that on NS1A (1-73). The conserved tracks on both proteins are oriented at angle of ~45° with respect to the axes of helices 2 and 2' (Fig. 3) . At the center of this dsRNA-binding surface is a deep pocket, with walls formed by antiparallel helices 2 and 2'. Remarkably, the pattern of conserved tracks in the dsRNA-binding epitope of NS1A and NS1B matches the pattern of chemical shift perturbation on this same surface (cf. Figs. 1b and  3 ). These features of the NS1A (1-73) surface also complement surface electrostatic features of canonical A-form dsRNA backbone. In both NS1A and NS1B, the inner edges of the conserved tracks, which we refer to as "basic edges", consist largely of Arg and Lys residues. The spacing between these basic edges is ~ 10 Å (Figs. 3a-b) , and is similar to the spacing, ~ 10 Å, between the phosphate backbone groups across the major groove of A-form dsRNA. The spacing between phosphate backbone groups across the minor groove of A-form dsRNA, ~ 17 Å, is slightly wider.
Although the primary goal of this study was to characterize the surface residues of NS1A and NS1B contributing to the dsRNA-binding interface, efforts were also made to used the experimental NMR chemical shift perturbation data to generate models of the dsRNA-binding mode. Models of NS1:dsRNA complexes were produced by manually docking canonical A-form dsRNA into the dsRNA-binding epitopes of NS1A and NS1B, aligning the two "basic edges" of positively-charged residues so as to optimally contact the negatively-charged phosphate backbone of dsRNA. The modeling was guided by experimental chemical shift perturbation data (Fig. 1b) , so as to provide protein-nucleic acid contacts for surface residues exhibiting significant chemical shift perturbations, and to avoid intermolecular contacts with surface residues exhibiting little or no chemical shift perturbation. Thus, the chemical shift data were used together with simple energetic considerations in a rigidbody docking, so as to provide contacts between nucleic acid hydrophilic groups and conserved hydrophilic groups on the protein surface. These models were further refined by energy minimization with the HADDOCK (31) and CNS (30) molecular mechanics programs. Models were generated for both major groove (Fig. 4) and minor groove (Supplemental Fig. S3 Similar models are shown for NS1B:dsRNA complexes in Supplemental Fig. S4 .
In all four models (NS1A and NS1B binding in major and minor groove modes), the NS1A (1-73) epitope forms a shallow concave surface occupied by the dsRNA (Fig. 4) , with the pseudo two-fold symmetry axis of dsRNA approximately aligned with the symmetry axis of the NS1 dimer, providing approximately symmetric energetics. Key residues identified as important for dsRNA binding by site-directed mutation studies [i.e., residues Arg38 and Lys41 in NS1A (9) , and Arg50 and Arg53 in NS1B (14)] are in contact with, or close proximity to, the phosphate backbone of dsRNA in both binding modes.
Other hydrophilic residues in the conserved tracks can interact either directly, or via water molecules, with the nucleic acid backbone or sugar atoms of dsRNA. For example, in the major groove binding model residues Arg46 and Thr49 of NS1A (1-73) have RNA-specific interactions with 2' OH groups. Extensive bound water networks are identified in these dsRNAbinding epitopes of both proteins (18) , and such water-mediated interactions may contribute to the energetics of complex formation.
We cannot unambiguously distinguish the two potential binding modes (major vs minor groove), nor rule out the possibility of very rapid interconversion between the two different bound states. Both binding modes are consistent with the fact that dsRNA binding by both NS1A and NS1B is not sequence specific (5-8,22) . However, the available data best support a single major groove binding mode.
Specifically, (i) chemical shift perturbation data for the NS1A:dsRNA complex match the polyphosphate backbone better in the major-groove binding model (Fig. 4c ) than in the minor-groove binding model ( Supplemental Fig.  2b) ; (ii) the spacing between "basic edges" (Figs 4b), ~10 Å, matches interphosphate distances across the major groove (~ 10 Å) more closely than across the minor groove (~ 17 Å), and (iii) major-groove binding model has better interfacial energetics than the minor groove binding model, arising from extensive electrostatic and hydrogenbonded interactions between polar groups in the dsRNA-binding epitope and the polyphosphate backbone, 4' O and 2' OH groups of dsRNA. In either case, however, the data provide unambiguous identification of the surface of NS1A which functions as the functionally-critical dsRNA-binding site.
The structural characterization of nonspecific nucleic acid binding proteins in complexes with DNA or RNA can be complicated by the presence of multiple structures arising from "sliding" of the protein with respect to the nucleic acid, or multiple binding modes in dynamic equilibrium.
The NMR data on the complex between NS1A (1-73) and the 16-bp dsRNA provide no indications of extensive interfacial dynamics, and are consistent with a single binding mode. In particular, the NMR spectra of NS1A (1-73) bound to dsRNA are well resolved, and exhibit line widths typical of a complex of this size ( ~30 kDa) (cf. Supplementary Figs. S1c and S1d). In addition, the chemical shift analysis reveals a pattern of chemical shift perturbations complementary to the polyphosphate backbone of dsRNA bound to a single site on the protein surface. Indeed, the length of A-form 16-bp dsRNA is just sufficient to allow for a single (or in any case a very narrow range) of binding sites for NS1A . Even if some amount of sliding is occurring, the data mapping the dsRNA-binding epitope presented here provide reliable and detailed information on the nature and location of the conserved surface features of NS1A responsible for its dsRNA binding activity.
In order to further validate these models, we also compared the surface buried by dsRNA in these dsRNA:NS1A complexes to the surface formed by residues in NS1A (1-73) that exhibit dsRNA-induced chemical shift perturbations. As shown in Supplementary Fig. S5 , these surface distributions are remarkably similar, validating the good agreement between the chemical shift perturbation data and our models of NS1A (1-73):dsRNA complexes. These complementary patterns of chemical shift perturbation, conserved tracks, and the dsRNA polyphosphate backbone in these complexes are striking and provide clear and unambiguous characterization of the sites on NS1 involved in dsRNA interactions.
DISCUSSION
The combined NMR and crystallographic data presented here provide new insights into structure-function relationships of non-structural protein 1 that are common to influenza viruses A and B. These data identify conserved dsRNAbinding surfaces on both NS1A (1-73) and NS1B that are very different than those indicated in earlier "working models" of the complex between dsRNA and NS1A (1-73) (8) . The combined NMR and crystallographic data reveal highly conserved tracks of basic and hydrophilic residues complementary to the polyphosphate backbone conformation of A-form dsRNA. The tracks run at a ~45 o degree angle relative to the axes of helices 2/ 2'. At the center of this dsRNA-binding epitope, and common to NS1 proteins from influenza A and B virures, is a deep cavity that includes both hydrophilic and hydrophobic amino acids. The pattern of conserved surface residues complements the structure of the polyphosphate backbone on canonical A form dsRNA, and suggests specific interactions that stabilize the complex. Mutations of basic residues within this epitope, including R37A, R38A, K41A, and R44A, reduce the affinity of NS1A(1-73) for 55-bp dsRNA (9) . While it has not been possible to obtain crystals of the dsRNA-NS1A complex, the NMR chemical shift perturbation data presented here provide specific testable hypotheses regarding specific roles of conserved surface functional groups in dsRNA recognition, and which are fundamental to the molecular functions of both NS1A and NS1B.
Although the primary means for controlling influenza virus epidemics is vaccination, antivirals provide an important additional line of defense, particularly for a rapidly-spreading pandemic (36, 37) . Many of the human isolates of H5N1 avian viruses are already resistant to the antivirals amantadine and rimantadine directed against the viral M2 ion channel protein (38) , and H5N1 viruses that are partially, or completely, resistant to the neuraminidase inhibitor oseltamivir (Tamiflu) have recently been reported (39, 40) . The emergence of H5N1 viruses resistant to these two classes of antiviral drugs highlights the need for additional antiviral drugs against influenza virus.
Because the dsRNA-binding activity of the NS1A protein is required for the inhibition of the IFN-induced antiviral response of the host (10), the dsRNA-binding site of NS1A described here is an important target for the development of antiviral drugs. The dsRNA-binding site of the NS1B protein is also a target for antivirals, because the dsRNA-binding activity of NS1B also plays an important role during infection (23, 24) . The deep pocket present in both binding sites, illustrated for NS1A in Fig. 5 , is an inviting target for structure-function studies and drug design. Because this binding site is strongly conserved across A and B influenza virus strains, it will likely be difficult for influenza virus to develop resistance to drugs targeting this molecular surface. 
